Abstract Pressure fluctuations in the plasma sheath from spacecraft reentry affect radiofrequency (RF) wave propagation. The influence of these fluctuations on wave propagation and wave properties is studied using methods derived by synthesizing the compressible turbulent flow theory, plasma theory, and electromagnetic wave theory. We study these influences on wave propagation at GPS and Ka frequencies during typical reentry by adopting stratified modeling. We analyzed the variations in reflection and transmission properties induced by pressure fluctuations. Our results show that, at the GPS frequency, if the waves are not totally reflected then the pressure fluctuations can remarkably affect reflection, transmission, and absorption properties. In extreme situations, the fluctuations can even cause blackout. At the Ka frequency, the influences are obvious when the waves are not totally transmitted. The influences are more pronounced at the GPS frequency than at the Ka frequency. This suggests that the latter can mitigate blackout by reducing both the reflection and the absorption of waves, as well as the influences of plasma fluctuations on wave propagation. Given that communication links with the reentry vehicles are susceptible to plasma pressure fluctuations, the influences on link budgets should be taken into consideration.
Introduction
A supersonic vehicle reentering Earth's atmosphere at speeds of 7-25 Mach produces intense shock-wave heating and heat-shield material ablation. This induces the formation of a plasma sheath that envelops the vehicle. The plasma sheath can strongly attenuate radiofrequency (RF) waves by reflection, refraction, and absorption, and causes a complete loss or severe deterioration of signals between vehicle and ground-base stations. This phenomenon is known as "communication blackout" [1] . Since the 1960s, the National Aeronautics and Space Administration (NASA) has conducted series of programs to mitigate blackout [2−5] . These programs have studied blackout theoretically and experimentally. In the theoretical aspect, methods of numerical calculation of the flow were proposed, cases of blackout were studied, attenuation of electromagnetic (EM) wave was estimated roughly and mitigation methods were proposed. In the experimental aspect, reentry crafts were launched and parameters of the plasma sheath were obtained. The data from the Radio Attenuation Measurements (RAM) Program C are the most intact and they are widely used as typical data of reentry.
Researchers have also focused on the influence of plasma on EM wave propagation both theoretically and experimentally, or by resorting to numerical calculations. Vidmar [6] utilized the Epstein electron density distribution model to analyze the interaction between plasma and radar waves, and found that plasma with high collision frequency and low electron density absorbs the waves greatly. Laroussi and Roth [7] derived the relationship of electron density, collision frequency, and incident angle with absorbed power and reflected power in unmagnetized plasmas using the WKB method. Petrin [8, 9] analyzed nonlinear mechanism underlying the interaction between EM waves and plasma by studying the left-hand polarized wave and righthand polarized wave, respectively. Kim et al. [10] got the attenuation and reflection of reentry signals for different electron density and collision frequency. Lontano and Lunin [11−13] derived the coefficients of reflection and transmission of EM waves propagating through a non-uniform, unmagnetized plasma sheath. Cerri et al. [14] discussed the relationship between electron density, plasma sheath thickness, and coefficient of reflection in detail when wave frequencies were between 1 GHz and 20 GHz, and concluded that the coefficient of reflection was proportional to the electron density.
Recently, Bai et al. [15] discussed the transmission properties of a polarized wave and found that the larger the incident angle, the worse the deterioration of the polarization property; and the lower the collision frequency, the worse the deterioration of the polarization property.
In all of the studies mentioned above, the plasma is considered as a steady dielectric medium. However, flows in reentry conditions are fiercely unsteady [16, 17] . This induces instabilities in the plasma that modify its dielectric properties. Thus, the usual method of estimating the propagation properties with averaged plasma parameters is not sufficient, especially when designing link budgets. For more reliable communications, the worst conditions must be considered. Since plasma pressure fluctuations can drive plasma parameters deviating from average values, the relation between plasma pressure fluctuations and wave propagation properties is critical.
In this paper, compressible turbulent flow theories [18−21] are introduced to estimate the influence of pressure fluctuations of the plasma on RF wave propagation. The variations in the coefficients of transmission and reflection are deduced. With the data of actual inhomogeneous plasma sheath profiles from a NASA report [22] , we assessed the influence of plasma pressure fluctuations on RF wave propagation at different altitudes during a typical reentry process.
Fluctuations of propagation parameters
Predictions for RF waves propagating through a laminar plasma are usually straightforward. One can first estimate the plasma electron density and then determine propagation properties easily from the electron density. However, a reentry plasma sheath exhibits fierce turbulence and its effects on wave propagation are much more complex. Thus, a convenient method is needed to estimate the effect of this turbulence. This paper resorts electron density to link the pressure fluctuation with propagation properties. Firstly, we analyze how the pressure affects electron density. Secondly, we express how electron density affects wave propagation.
Relation between pressure fluctuation and electron density fluctuation
For compressible turbulent flow, thermodynamic variables fluctuate. Since electron density is the link between propagation properties and plasma flow, the relationship between pressure and electron density fluctuations is critical. In turbulence modeling, the fluctuations of density ρ, temperature T , and pressure p are expressed in the form:
where the overbar of a quantity (•) represents an averaged of that quantity and a preceding ∆ represents a perturbation from the averaged quantity; here n is a polytropic coefficient. A great deal of simulation results indicate that n is approximately equal to the specific heat ratio λ. For plasma conditions, one can use the Saha equation to correlate electron density and temperature fluctuations:
where N e is the electron density, K the Boltzmann constant, and E i the ionization energy of plasma. For reentry conditions, one can take E i 2KT ≈ 29 as an estimate [23] . Using Eq. (1), the relation between electron density and pressure fluctuations is
Relation between electron density fluctuation, pressure fluctuation, and fluctuations of propagation parameters
With the above expression for the electron density fluctuation, the next step is to relate the propagation properties and pressure fluctuations. Because the coefficients of transmission and reflection are crucial parameters in describing EM waves propagating through inhomogeneous dielectric media, on which the criteria for reentry blackout are based, we present an analysis of the relation between these two parameters and pressure fluctuations.
For isotropic unmagnetized plasmas, the relative permittivity is
where ω is the frequency of EM wave, ν is the plasma collision frequency, and ω p is the plasma frequency given by
with e the electronic charge and m e the mass of the electron. It is clear that the electron density fluctuations can influence the relative permittivity.
In equivalent impedance theory, the characteristic impedance is critical, it determines the propagation properties of waves. The characteristic impedance of a dielectric medium is
where µ 0 and ε 0 are the permeability and permittivity of free space, whereas µ r and ε r are the relative permeability and relative permittivity of the dielectric medium. For unmagnetized plasmas, µ r = 1. Thus, the permittivity affects characteristic impedance. The influence of electron density fluctuation on wave propagation can be found with the relationship between the characteristic impedance, relative permittivity, and electron density. For planar waved incident perpendicularly from air to inhomogeneous plasma, the inhomogeneous plasma can be approximately modeled by several adjacent homogeneous thin plasma slabs (Fig. 1) .
Based on the equivalent impedance theory [15, 24, 25] , one can take the plasma slabs as two-port networks (Fig. 2) . The coefficients of total voltage reflection Γ and total voltage transmission T for EM waves propagating through inhomogeneous plasma can be expressed as
where Γ 0 is the reflection coefficient of the 0th layer, T i is the transmission coefficient of the i-th layer, and the subscript i implies the i-th layer. The coefficients of transmission (T i ) and reflection (Γ i ), and the equivalent wave impedance (Z i ) of each layer can be expressed as follows.
For the last plasma layer (layer n), we have
where η n denotes the characteristic impedance of the n-th layer.
The parameters for the other layers, except layer n + 1, can be expressed as
where d m is the layer thickness and m=1, 2, . . . , n − 1. By combining all these equations, one obtains the relationship between pressure fluctuation and variation of the coefficient of transmission.
∆Γ =
For a more elaborate study of the influence of pressure fluctuations, the power variations in transmission and reflection also need to be analyzed. According to their definitions, the fluctuations can be expressed as:
where subscript p implies that the quantity refers to power.
Practical reentry model 3.1 Reentry plasma sheath conditions
In practice, the reentry plasma sheath is inhomogeneous and varies with altitude. For telemetry and navigation, the plasma parameters in the antenna window region are of most interest. As indicated in the technical note Ref. [26] , at the rear of the vehicle, where the telemetry and navigation antennas are located, the variations in electron density distributions normal to the vehicle surface are considerably larger than the variation transverse to the surface. Thus, the normal component is critical for the present study. From NASA RAM-C data, we graph typical electron density distributions at the antenna window region for different altitudes [22] (Fig. 3) . The plasma collision frequency is a primary plasma parameter. As Rybak noted [27] , the collision frequency distributions of reentry plasma sheath normal to the vehicle surface are believed to be approximately uniform. Collision frequencies from 21 km to 76 km depend on the surrounding air and change by four orders of magnitude. Thus, one can take the collision frequency at each altitude as a constant. Bachynski et al. [28] associated the collision frequencies with clean air at different reentry altitudes and temperatures. The air temperature used in our calculations is 2000 K, which is typical for the surface temperature of a conical reentry vehicle [29] . The collision frequencies for different altitudes during RAM-C reentry that we adopted in our calculations are listed in Table 1 . By adopting some simplifications, the inhomogeneous reentry plasma sheath can be layered approximately by several adjacent homogeneous thin plasma slabs, as shown in Fig. 4 . Each slab's thickness depends on the spatial variation of the electron density distribution. The plasma parameters of each layer are a number of mean values of the distributions. The accuracy of this modeling method depends on the number of slabs chosen to approximate the actual electron density distributions. To achieve accurate simulations, the electron density discrepancy between the adjacent slabs should be small. Consequently, to divide the sheath reasonably, the plasma slabs in regions where the gradient of the profile is sharp should be thinner than that in regions where the gradient is gentle. There were more than enough layer numbers chosen in this paper to achieve better simulation accuracy in our calculations, specifically: 159 for 21.34 km, 150 for 53.34 km, and 80 for 24.99 km and 30.48 km. For 47.55 km, 61.57 km, 71.02 km, and 76.20 km, the layer number was 100.
Wherever there is a lack of unclassified pressure distribution data, this paper assumes that the maximum fluctuation amplitude of different layers is ∆p and we then use this as the fluctuation amplitude of each layer. Thus, the maximum influence of fluctuation on wave propagation can be found. This can be taken as the worst situation for communication. 
Results and discussion
Since the GPS frequency (1.575 GHz) is widely used in telemetry and navigation, and the Ka frequency (35 GHz) is thought to be a means to overcome the blackout, propagation properties at 1.575 GHz and 35 GHz for different altitudes were analyzed and the results are given below. Because a 30 dB decrease usually results in blackouts of telemetry and navigation during reentry, the pressure fluctuation has a notable effect at 76.20 km. The effect at 24.99 km is also obvious. For altitudes from 30.48 km to 71.02 km, the variations in Fig. 6(b) are evident. But Fig. 6(a) indicates that the RF waves at these altitudes are almost blocked by the plasma sheath, which means that the pressure fluctuation does not influence the transmission properties.
Fluctuations at GPS frequency
By combining the results of Figs. 5 and 6, we note that the altitudes at which the coefficient of transmission is approximately zero are also the altitude where EM waves are almost totally reflected. In addition, pressure fluctuations can also influence the absorption of RF waves. At 24.99 km, for instance, the reflection decreases when the pressure fluctuation is below 10 percent (Fig. 5 ) but the transmission (Fig. 6 ) decreases at the same time. This means that the absorption increases.
Fluctuations at Ka frequency
The propagation property fluctuations of 35 GHz at different altitudes are shown in Figs. 7 and 8. Fig. 7 presents the reflection fluctuations. In contrast to the results for 1.575 GHz, these results present greater variation and the influences on wave propagation are more complicated. In particular, at 24.99 km and 30.48 km, the coefficients of reflection are distinctly nonzero. By comparing the results for the GPS and the Ka frequencies, the influence of pressure fluctuations on transmission properties for the former is more pronounced. This indicates that the Ka frequency can overcome blackout not only by decreasing wave reflection and absorption in the plasma sheath, a fact already widely known, but also by reducing the influence of plasma fluctuations on RF wave propagation properties. 
Conclusions
This paper combined compressible turbulent flow theory, plasma theory, and electromagnetic wave theory to study the relationship between pressure fluctuation and RF wave propagation properties. In this framework, the influences of pressure fluctuation on RF waves at GPS and Ka frequencies in a typical reentry process were analyzed. A stratified modeling method was used to simulate the inhomogeneous reentry plasma sheath. From the simulation results, the influences were notable at altitudes from 21.34 km to 30.48 km and at 76.20 km for the GPS frequency and from 24.99 km to 30.48 km for the Ka frequency. Thus the simulation indicated that pressure fluctuation can significantly affect the RF wave propagation properties when RF waves are not totally reflected or transmitted. This suggests that the reentry telemetry and navigation links are susceptible to pressure fluctuations, and more attention needs to be paid to this issue when designing a link budget between ground and reentry vehicle. Moreover, comparing the results of GPS and Ka frequencies, the advantages of Ka frequency in mitigating reentry blackout are clear; and reflection and absorption effects as well as the influence of plasma fluctuations on wave propagation properties can be reduced.
